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ABSTRACT 
 
The dimensionless figure of merit ZT ranks good thermoelectric materials. Larger electrical 
conductivity and Seebeck coefficient in conjunction with a low thermal conductivity results in 
useful thermoelectric materials. Since some of the best thermoelectric materials do have an 
anisotropic crystal structure and since plasma sintering (SPS) is uniaxial most or all samples 
produced by SPS should show to some extend anisotropy. In addition, inhomogeneity is also 
expected in SPS samples because the current density, the temperature field and pressure may not 
be homogeneous during the sintering process. For the above mentioned reasons, it would be 
useful to map the transport properties of SPS-samples measured along and perpendicular to the 
sintering direction. Here we report on the development and capabilities of two new measurement 
systems developed at Fraunhofer-IPM. The first measurement system is based on an extension of 
the Van der Pauw method suitable for cube-shaped samples. A mapping of the electrical 
conductivity tensor of a Skutterudite-SPS samples produced at the Instituto de Microelectrónica 
de Madrid is presented. The second measurement system is a ZTmeter also developed at the 
Fraunhofer-IPM. Its enable the simultaneous measurement of the electrical conductivity, 
Seebeck coefficient and thermal conductivity up to 900 K of cubes at least 5x5x5 mm3 in size. 
The capacity of this measurement system for measuring the anisotropy of the transport properties 
of a (Bi,Sb)2Te3 SPS sample produced by KTH is demonstrated by simply rotating the samples. 
 
INTRODUCTION 
 
Thermoelectric materials enter in the fabrication of thermoelectric generators and coolers. 
The efficiency of those systems is a monotonic growing function of the figure of merit defined 
as: 
  (1) 
Where  is the Seebeck coefficient,  the electrical conductivity and  the thermal conductivity 
measured all in the same direction. Nevertheless, the thermal conductivity is more conveniently 
measured along a direction which is perpendicular to the measurement direction of the electrical 
properties with the measurement systems actually available on the market. This methodology can 
lead to an overestimation of the figure of merit in the case of a strongly anisotropic crystal 
structure [1-2]. These overestimated figure-of-merits will never be translated into any 
improvement of the conversion efficiency in real systems. In addition, lots information about 
physical phenomenon could be grasped if the anisotropy of the transport properties were more 
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easily measured [3-6]. Nevertheless this is not an easy task because the optimal geometry for the 
electrical properties and thermal conductivity measurements are different for the measurement 
systems on the market. It has also been noticed that an overestimation of the figure of merit may 
arise when the samples are inhomogeneous or thermally not stable [7]. Therefore it would be 
very desirable to measure all the transport properties on the same sample in the same direction. 
In this article, we are presenting two solutions for the measurement of the anisotropy of 
transport properties. The first solution is an extension of the of the Van der Pauw method [8] for 
cubic samples (3D-VdP). The method presented differs markedly in its simplicity with what have 
been published up to now [9-15]. This solution is nevertheless restricted to the measurement of 
the electrical conductivity. The second solution is not restricted to the electrical conductivity and 
is based on the IPM-ZTmeter [16]. 
EXPERIMENTAL DETAILS 
3D-Van der Pauw method 
The starting material used to test the method was a Skutterudite based wafer provide by 
Instituto de Microelectrónica de Madrid in spain (wafer ID . CSIC-SPS-641). It was not 
expected to get any anisotropy of the electrical conductivity because of the crystal structure but 
the sintering process which is uniaxial can introduce some anisotropy as well as inhomogeneity 
in the transport properties. The wafer was cut into cubes of size 2x2x2mm3 has shown in the 
insert of the figure 3. Usual VdP measurements have been performed on the face X and Y of 
each carefully oriented cube cubes (figure 1). Resistance measured on the face of the cube Y 
along the X axis was labeled . Assuming an isotropic electrical conductivity 
perpendicular to the sintering direction (parallel to the Face Y), the resistance  and 
 must be equal. The results of the measurement in this case is a unique resistance value 
( ).  
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Figure 1. Conventions and labeling used in conjunction with the 3D-VdP method.  
 
When the VdP measurement is performed on the Face X (or Z), two distinct resistance values are 
obtained . In fact it is sufficient to perform the VdP measurement on 
the face X (or Z) in order to extract the electrical conductivity along the sintering direction ( ) 
and perpendicular to it ( ). This is because the resistance is a function of ,  and the 
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geometry (edge length), the latest being known.  and  are obtained by reporting the 
measured resistance values in the R-  graphs (figure 2) calculated using Comsol Multiphysics 
[17-18] for the particular geometry and measurement configuration. If a measurement is 
additionally made on the face Y, it is used only use to confirm the result obtained with the face X 
or Z. 
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Figure 2. R-  graphs used to extract the electrical conductivity of the sample CSIC-SPS-641 
along and perpendicular to the sintering direction. It is the superposition of three R-  diagrams. 
The labels inside the plot area are resistances calculated for specific faces and direction of a 
2x2x2mm3 sample. The bold solid lines and bold labels represent the contour lines and value of 
, respectively. The thinner solid lines and underlined labels correspond to the contour 
lines and value of . Finally, the dashed lines and label in italic stand for . 
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Figure 3. Morphology of the powder that enter in the fabrication of the sample KTH-SPS-16252 
 
IPM-ZTMeter-870K 
 
All the transport properties were measured in the steady state regime, on the same sample 
and with a temperature difference along the sample of few Kelvins. The heat flows were 
measured above and below the sample in order to be able to measure and subtract the heat loss 
by radiation. The sample measured (KTH_SPS#16352), 5x5x5 mm3 in size, was nanopowder 
Bi1.9Sb0.1Te3 synthetized and sintered at the Royal Institute of Technology in Sweden (KTH). 
The morphology of the powder is shown in the figure 4. Details about the powder production and 
compaction can be found in [19]. Morphology of the powder can be show in figure 3. 
 
DISCUSSION  
 
Mapping of the electrical conductivity and its anisotropy 
 
Obviously the electrical conductivity of the wafer is inhomogeneous (figure 4). It seems 
also that the electrically is slightly larger along the sintering direction by few percent. 
Nevertheless the anisotropy measured is very small and below the measurement uncertainties or 
could be attributed to non-identified systematic errors.  
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Figure 4. Mapping of the electrical conductivity measured along and perpendicular to the 
sintering direction of the sample CSIC-SPS-641. The labels with the black background 
correspond to the labels of the cubes shown in the insert. 
 
Measurement of the anisotropy of the transport properties at high temperatures 
 
The sample KTH_SPS#16352 is n-type (figure 5) as expected for this particular chemical 
composition [20]. N-type soft super lattice based on Bi2Te3/(Bi,Sb)2Te3 created by nanoalloying 
as also been observed [21]. The anisotropy of the material is very strong even if it was produced 
from nanopowder. This result is confirmed by a 3D-VdP measurement (  =800S/cm; =480 
S/cm).The anisotropy of the Seebeck coefficient seems to indicate that there is both electrons and 
holes in the material, which also tend to explain the rather low ZT measured. 
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Figure 5: Transport properties measurement of the sample KTH-SPS-16252 
 
CONCLUSIONS  
 
The 3D-VdP method enables the mapping of the electrical conductivity and its anisotropy 
The R-  graphs obtained for particular sample geometry frees the end users of having to perform 
themselves numerical simulations making the method easy to implement. Since it has been 
proved helpful to us in the purpose of investigating the homogeneity of SPS-samples and to 
validate the electrical conductivity measurement made with our ZTmeter, this method should 
find a widespread use. The IPM-ZTmeter has been proved able to measure on a single sample, 
the anisotropy the transport properties at high temperature using just 5x5x5 mm3 materials. It has 
been demonstrated that the compaction of nanopowder does not lead systematically to isotropic 
materials. 
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